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emission beneficial from diffraction orders of
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To meet the miniaturization and compatibility of current micro-nano optical devices, two-dimensional (2D)
photonic crystals (PCs), which can manipulate the optical parameters and their propagation with more
degree of freedom, have become more important in nano optics. In the case of 2D PCs, the specific
symmetry of the microscopic lattice arrangement determines its macroscopic optical properties. In
addition, beyond this key element of lattice arrangement, the unit cell of PCs is also a critical factor in
modulating the far-field optical behaviors. This work explores the manipulation of spontaneous emission
(SE) of rhodamine 6G (R6G) in a square lattice of anodic aluminum oxide (AAO) membrane. The
directional and polarized emissions are observed to be related to the diffraction orders (DOs) of the
lattice arrangement. By further tuning the size of unit cells, different DOs are triggered to overlap with
the emission of R6G, resulting in an extended tuning for directions and polarizations of light emission. It
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Introduction

Photons, instead of electrons, are treated as attractive infor-
mation carriers to meet the increasing demands from high
efficiency, low loss, and fast speed to high data capability in
information processing.' How to tune the optical parameters
easily and flexibly become particularly important, for instance,
polarization states,”® intensity enhancement and resonance
energy variation.*® Two-dimensional (2D) photonic crystals
(PCs), as an artificial periodic structure,”'® have attracted
extensive attention from the scientific community due to their
flexibility and controllability in light regulation.'>** They show
significant promise in holographic imaging," polarization
imaging,"*"® optical communication,"”*®* and optical sensing
application potential***® because of the far-field diffraction in
2D PCs. Therefore, the desired appealing optical parameters
can be achieved through the elaborate design of 2D PCs, espe-
cially for structural symmetry and the unit cell design.*

As an optical micro cavity composed of sub-wavelength scale
resonators, 2D PCs possess the ability to tune the spontaneous
emission (SE) of inside emitters because of the Purcell effect.?”
Since Goy et al. first observed the regulation and enhancement
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exhibits the significance for the design and application of nano optics devices.

of SE by optical cavities in the 1980s, more attention to light-
matter interaction in optical cavities has been widely con-
cerned.”® Amplification of emission intensity is a typical topic
for the SE modulation,*** but it is worth noting that the
directional and polarized emissions are also productive for the
further application of quantum emitters. In order to realize
more tunable control of optical parameters, the eigenmodes of
optical cavities with periodic nanostructure arrangement
should be investigated. The intrinsic optical properties of 2D
PCs are closely interrelated with structural characteristics, such
as the symmetry of lattice arrangement and the size and
components of the unit cell.>**?* Thereinto, the far-field
diffraction orders (DOs) depending on the symmetry of lattice
arrangement play a key role in analyzing the interaction
between light and matter in different directions and polariza-
tions effectively; on top of that, the size of the unit cell
provides a better-matched resonance energy for the system
between the emitters and the optical cavity.

Here, a square lattice anodized aluminum oxide (AAO)
membrane with a period of 400 nm was prepared as an optical
cavity to tune the SE properties of rhodamine 6G (R6G). First,
the I' point energy (560 nm) of AAO was tuned to match and
adjust the dominant isotropic photoluminescence (PL) of R6G
into a polarization-resolved normal emission. Since this I" point
was a degenerate state of four DOs modes, an off-angle (6°) PL
measurement was applied to lift it into two singlet modes of
(-1, 0) and (1, 0), and a doublet mode of (0, 1)/(0, —1). Inter-
estingly, the PL of R6G presents obviously directional and
polarized distinguished emission as its spectral overlapping
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with the (0, 1)/(0, —1) mode at 554 nm and (—1, 0) mode at
582 nm. Finally, both DOs were adjusted to sequentially couple
with the central peak of R6G emission at 560 nm through the
diameter-tuning of the unit cell. This work paves the way for the
application of AAO as 2D PCs in optical switches, nanolasing,
and quantum information.

Results and discussions

Fig. 1a schematic depicts the preparation process of the AAO
membrane covered with R6G. By imprinting a predetermined
periodic pattern on a polished aluminum foil, an ordered AAO
membrane with a period of 400 nm and internal pore size of
240 nm is obtained by the anodization and pore expanding
processes. Then, the R6G aqueous solution is packaged on the
surface of AAO by a liquid-encapsulated technique, as shown in
Fig. S1.7 The a, and a, (black arrows) are primitive vectors of the
square lattice in real space, which can be described as |a,| = |a,|
= a, a is the lattice constant of the square lattice. The scanning
electron microscope (SEM) image of AAO with detailed lattice
parameters is displayed in Fig. 1b; the inserted top image with
a perspective view illustrates the detailed profile feature of the
pore structure, and the bottom image shows the effective
sample diameter that reaches 1 cm. The corresponding square
lattice in reciprocal space is shown in Fig. 1c. The reciprocal
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lattice vectors can be expressed as Gy = iby + jb,, where b, and
b, (black arrows) are primitive vectors of the square lattice in
reciprocal space and their magnitude can be described as |b,| =
|b,| = 27t/a, i andj are integers. The k;, is the in-plane wavevector
component that is parallel to the lattice surface. The wave vector
of DOs, kpo, can be indicated as kpo = Gjj + k. The first Brillion
Zone (1st BZ) is exhibited as a dark blue area, and the high
symmetry points are denoted as I', X, and M points, respectively.

Under the normal incidence, the four lowest DOs in recip-
rocal space have the same magnitude and meet at the I" point as
a degenerated state. In the case of oblique incidence, a non-zero
in-plane wave vector k, should be considered. For instance, the
(0, 1) and (0, —1) DOs have the same magnitude and maintain
the degenerated state, but the (1, 0) and (—1, 0) DOs possess
different magnitudes and divide into higher and lower photonic
energy levels, respectively. The reflection of AAO (red curve) and
the PL emission of R6G (blue curve) are plotted in the left panel
of Fig. 1d. The diffraction energy of DOs is tuned to match the
dominant PL emission of R6G. The reflection dispersion of AAO
in the aqueous solution (refractive index of 1.33) is exhibited as
a function of the emission angle along the I'-X orientation in
the right panel of Fig. 1d. In the off-angle condition, the
degenerate mode will be lifted as the (0, 1) modes in the red
curve, the (—1, 0) mode in the navy-blue curve, and the (1, 0)
mode in the green curve. The dashed lines are the numerical
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Fig.1 The large-area AAO nanopore array in real space and reciprocal space. (a) Schematic diagram of the preparation process for AAO covered
by R6G with lattice constant a = 400 nm, a; and a; are the primitive vectors in the real space lattice. (b) Top-view SEM image of AAO with a pore
diameter of 240 nm (insert: perspective view and optical image of AAO). The scale bar is 500 nm. (c) The reciprocal lattice (light blue area)
corresponds to the real lattice, and the reciprocal lattice vectors are by and b, (black arrows). The dark blue area signifies the 1st BZ. The three
vertices of the dark blue triangle are high symmetry points of I', M and X. G is the reciprocal lattice vector. k/, (dark blue arrow) is the in-plane
incident wavevector. kpo (red arrow) is a wavevector of the diffraction order. The green arrow exhibits the electric polarization for TE mode. (d)
Left panel: the reflection spectrum of AAO (red curve) and PL emission of composite R6G-water (blue curve) at 0° emission angle. Right panel:
the experimental angular-resolved spectra of AAO with R6G-water. The green, red, and blue lines indicate the DOs of (1, 0), (0, 1), and (-1, 0),
respectively. The solid lines are the actual measurement data, and the dotted lines are the approximate simulation calculation data by the ELA
method.
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calculated DOs by the empty lattice approximation (ELA)
method.

Fig. 2a depicts a schematic diagram of the measurement
setup of the angle-resolved spectrum, ¢;, denotes the incident
angle, 0, is the emission angle, and ¢ is the azimuth angle.
The measured transmitted signal is coupled to the optical fiber
through the mirror and collimator and sent to the spectrometer
for analysis. After spectral overlapping with the degenerate
states of AAO at I point, the PL spectrum of R6G after difference
processing is demonstrated in the left panel of Fig. 2b, which is
spectrally enhanced at 560 nm in the range from 540 to 640 nm.
Its PL dispersion as a function of emission angle from 0° to 30°
under the driving light of 532 nm is exhibited in the right panel.

A comparison of R6G emission on Al foil and the AAO
membrane also proves the modulation effect of the square
lattice in Fig. S2.T Benefiting from diffraction orders of square
R6G-nanopore array, the emission intensity of R6G is enhanced
about 1.4-fold compared with that on Al foil at 6., = 0°. As
expected, the PL of R6G at I' point of AAO exhibits obvious
polarization-dependent emission, and the emission polariza-
tion angle (6,,) is 45°, as shown in Fig. 2c, where the isotropic
emission from R6G on blank Al foil is plotted in gray as refer-
ence. The polarization-dependent emission of R6G can be well-
fitted by a typical angular function of electric dipole resonances.
The function can be defined as A cos*(a — a,) + Bcos*(a — ay),
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where « is the polarization angle, «, and «, are two constants of
the fitting.*® Similarly, a 45° polarization reflection is achieved
under a white light source in Fig. S3.1 This phenomenon should
relate to the local density of states and the symmetry of the
square lattice and can be regulated by the degenerated states of
DOs.

Since the I' point is a four-fold degenerated state with a C,,
symmetry, singlet or low-fold doublet states are required to
analyze the symmetry-related optical parameters, such as
polarization. In the case of the off-angle condition, as shown in
the right panel of Fig. 2b, the degenerate mode will be lifted as
a doublet mode of (0, £1) in the red curve and a singlet mode of
(—1, 0) in the navy-blue curve as ELA prediction. In order to keep
the intersecting of resonant (0, 1) and (—1, 0) DOs with the PL
emission of R6G in the range from 540 nm to 640 nm, a repre-
sentative measurement is taken out at 6., = 6°, which can
promise the distinguished PL peaks in relative high intensity.
Interestingly, the PL emission behaves horizonal-polarization
dependent (f, = 0°) as it couples to the (0, +1) mode (red
color) in Fig. 2d. The PL emission performs vertical-polarization
dependent (¢, = 90°) as it couples to the (—1, 0) mode (blue
color). The difference in polarization degree between the two
signals is analyzed in Fig. S4.f The same polarization condi-
tions occur with reflection spectra of the square lattice AAO
under a white light source in Fig. S5.F
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Fig. 2 SE regulation of R6G by AAO nanopore array. (a) Schematic diagram of angle-resolved measurement setup for the AAO nanopore array
(inset: spatial schematic diagram of incident angle 6;,, emission angle ., and azimuth angle ¢. The incident light and the emission light are
located at the same plane). (b) Left panel: the PL spectrum of R6G under the incident angle of 0° (black line) and 6° (blue line), respectively. Right
panel: PL dispersion as a function of emission angle from 0° to 30° under the driving light of 532 nm, in which the white dotted line represents the
emission angle of 6°, the red and blue solid lines indicate the DOs of (0, +1) and (-1, 0), respectively. (c) Polarization of R6G normal emission on Al
foil (gray) and AAO membrane (black). (d) The off-angle SE (6°) of R6G as a function of polarization at 554 nm (red) and 582 nm (blue),
respectively. (e) The optical Fourier images collected at the back focal plane of the objective lens under driving light of 560 nm without polarizer
(the top image) and with orthogonal polarizers (the middle and the bottom images).
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In order to further explain the underlying physics of this
performance, a Fourier image system is built to exhibit the light
propagation in reciprocal space, and its schematic optical path
is shown in Fig. S6.f The Fourier image is captured on the
Fourier back plane (FBP) under a driving light of 560 nm
without polarizer in the top image of Fig. 2e, and four DOs with
white dash lines can be observed with a radius of k;, (27t/4). In
the case of the FBP image with vertical polarizer, (1, 0) and (—
0) modes can be observed in the middle image of Fig. 2e. On the
other hand, only the (0, +1) DOs can be obtained with the
horizonal polarizer, as exhibited in the bottom image of Fig. 2e.
The DOs can be observed when the dipolar radiative direction in
the lattice is perpendicular to the polarization of incident
light.** Since there are four equivalent DOs degenerated at I’
point (under normal incidence) in square photonic lattice, only
two DOs appear in either horizonal or vertical polarization.

In addition, the polarization characteristics of the two
signals can be further explained by the group theory, where two-
dimensional square lattice obeys C,, symmetry and the optical
parameters of corresponding DOs, for instance, polarization,
propagation direction etc., can be described by particular irre-
ducible representation.®” In this work, the irreducible repre-
sentation of the doublet (0, +1) mode is E or A + B and that of
the singlet (—1, 0) mode is A;*® therefore, both modes possess
different symmetry operations and polarization-dependence.
Normally, the luminescence of R6G is a SE without directional
and polarization dependence. In this work, the far-field emis-
sion from the R6G packaged on the square photonic lattice
presents a particular polarization characteristic because the
measured emission is a hybrid mode that possesses the prop-
erties from both eigenmodes when R6G emission couples with
the resonant DO mode.

Based on the polarization-resolved characteristics of SE on
the square lattice, the energy of DOs is regulated to couple with
the emission peak of R6G. The directional and polarized
emission behavior of R6G strongly correlates with the intrinsic
optical properties of 2D PCs. In this optical cavity of AAO
membrane with the square lattice, the diameter of the unit cell
is another critical determinant for varying the resonant energy
of the DOs, which can be flexibly controlled by chemical wet
etching. The variation in pore diameters can be clearly observed
in SEM images in Fig. S7.1 As presented in Fig. 3a, the degen-
erated energy of I" point can be extended into a flexible spectral
range from 1.99 eV to 2.51 eV, where the energy of I' point
increases with the pore diameter. For instance, it increases from
2.12 eV (585 nm) to 2.31 eV (536 nm) when the pore diameter
expanded from 220 nm to 300 nm, as shown in the inset of
Fig. 3a. The experimental and simulated angular-resolved
dispersions of AAO membranes with various diameters
further illustrate the shift of DOs in Fig. S8 and S9,f
respectively.

In addition, the variation tendency of the dominant emis-
sion wavelength of R6G is well consistent with DOs, as shown in
Fig. S10,7 indicating the modulation effect of square lattice on
the SE of R6G. Particularly, the DOs of (0, +1) in red and (-1, 0)
in blue are sequentially coupled to the central emission of R6G
(560 nm) at 0y, = 23° and 6, = 5°, respectively, in Fig. 3b.
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Fig. 3 Modulating of the unit cell size of AAO nanopore array and its
effect on the polarization of R6G emission. (a) The relationship
between the energy of I' point and the occupied proportion of pore
space, the red solid line denotes the fitting curve (inset: comparison of
spectra of AAO nanopore array with different diameters at 6, = 0°).
(b) Experimental angular-resolved dispersions of nanopore arrays with
diameters of 220 nm (left panel) and 300 nm (right panel), the cor-
responding 6, are 23° and 5° when the DOs overlap with the central
emission of R6G, respectively. (c) Polarization of R6G emission
generated on the above two AAO membranes at 560 nm, the
predominant DOs are (0, +1) of red color and (-1, 0) of blue color,
respectively.

There is a 90° difference in polarization under the effect of two
DOs, as presented in Fig. 3c, which has the same trend of
polarization characteristics as described in Fig. 2d. This ability
to regulate polarizations at the specific wavelength comes from
the far-field DOs and flexible spectral range of the square lattice,
as illustrated in Fig. S11.7

Conclusions

In conclusion, a directional and polarized SE was modulated on
a square lattice of AAO membrane with R6G. The PL emission of
R6G presents an obvious polarization-related property due to its
energy coupling with DOs of AAO at I" point, which verifies that
the local density of states and symmetry of the square lattice
play a key effect on the regulation of optical parameters of SE
from emission direction, wavelength, intensity to polarization
states. An off-angle PL measurement was applied to lift the four-
fold degenerated DOs into a doublet mode of (0, +1) and two
singlet modes of (1, 0) and (—1, 0), which behave as the hori-
zonal- and vertical-related polarizations, respectively. In addi-
tion, the energy of DOs can be further extended by varying the
diameter of the unit cell, which results in a flexible energy range
from 1.99 eV to 2.51 eV. After spectral overlapping of (0, +1) and
(—1, 0) DOs with the central peak of R6G at 560 nm, emissions
from the two states exhibit a 90° dissimilarity in polarization.
Therefore, this work has great potential in the field of the
optical switch device, nanolasing, and quantum information.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental section
Preparation of AAO membrane

By imprinting a predetermined pattern on polished aluminum
foil and further anodizing in a mixture of aqueous solution of
phosphoric acid and ethylene glycol, a large-area ordered AAO
membrane with a period of 400 nm can be achieved. Under the
condition of the water bath at 55 °C, 5 wt% phosphoric acid is
used to expand the pores of AAO membranes at different time
periods; for instance, the pore-expanding time is 14 min for the
AAO membrane of 330 nm diameter.

Packaging R6G with AAO membrane

R6G is packaged on AAO membranes in a liquid-encapsulated
manner. The R6G aqueous solution (80 mg R6G added into
50 mL water) is uniformly applied to the surface of AAO
membranes by dropwise addition, which is placed on the slide.
A coverslip is placed on its surface to completely immerse the
sample in R6G aqueous solution, and the edges are fixed using
adhesive tape. The AAO membranes can be viewed as immersed
in a homogeneous refractive index environment, which is
essential for achieving superior luminescence.

Angle-resolved reflection measurement

Zero-order reflection spectra are measured using an automatic
rotating stage from 0° to 60° in increments of 1° at a fixed azi-
muth angle. The sample is illuminated using a white light
source from a halogen lamp (iDH2000, Ideaoptics) with
a polarizer, where the illumination spot on the sample is 1-
2 mm in diameter. The reflected light is collected and coupled
to an optical fiber which is connected to a fiber spectrometer
(PG 2000, Ideaoptics). An algorithm is used to convert the
measured optical data (wavelength vs. polar angle) into
a dispersion diagram (photon energy E vs. in-plane wavevector
of light k).

A random polarization laser of 532 nm (Lasever, LSR532HX-
5W) is applied as an excitation light to investigate the emission
and polarization-dependent properties of R6G. The laser spot
size is around 1 mm, and the pumping energy is 2 W.

Simulation calculations

Finite-different time-domain (FDTD Solutions, ANSYS) is used
to simulate the intrinsic optical properties of AAO membranes
in Fig. S9.7 The simulation model of AAO membranes is
emanated from the structural data of SEM images. The plane
wave (BFAST) and Bloch (x, y)-PML (z) are used as the boundary
condition for the E-k;, dispersion diagram simulations.
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